The fabrication and high-frequency ferromagnetic performances of nanocrystalline Fe 70 Co 30 -B soft magnetic films were investigated. It is revealed that the composition gradient sputtering method dramatically improves the high-frequency soft magnetic properties of the as-prepared films. This method gives rise to almost a linearly-increased distribution of compositions and residual stress. As a result, a very high ferromagnetic resonance frequency up to 6.7 GHz, high uniaxial magnetic anisotropic field up to 450 Oe, and low magnetic loss were obtained in as-deposited samples, which are particularly in favor of the integration between magnetic films and microwave components.
INTRODUCTION
High-frequency soft magnetic films (SMFs) working in the GHz band require high ferromagnetic resonance frequency given by
where is the gyromagnetic ratio which is approximately 2.8 MHz/Oe, M S is the saturation magnetization and H K is the inplane uniaxial magnetic anisotropy (UMA). 1 By inspection high M S and H K are needed to achieve a high f FMR of the radiofrequency (RF) magnetic films. Pre-vious research on RF SMFs have mostly been focused on enhanced UMA by varying H K since it is easy to control by one or two orders of magnitude. Magnetron sputtering of SMFs in a magnetic field or through a subsequent magnetic field annealing has been widely employed for inducing UMA. [4] [5] [6] [7] However, the induced UMA fields are usually in the range of < 50 Oe, which lead to limited f FMR of < 3 GHz for most magnetic * Author to whom correspondence should be addressed.
films. Several different approaches have been investigated for achieving RF SMFs with high UMA, such as oblique sputtering, facing target sputtering, exchange coupling, magnetoelectric coupling, etc. Oblique sputtering, [8] [9] [10] and facing target sputtering 11 can generate magnetic films with high UMA field values of up to 200-300 Oe, however, these magnetic films suffer from a very non-uniform thick-ness particularly across a large wafer size, which severely limits their practical applications. Exchange coupling is another method to achieve enhanced UMA fields, such as anitiferromagnetic (AFM)/ ferromagnetic (FM) exchange coupling, 5 12 13 and FM coupling between magnetically soft and hard layers.
14 However, the high UMA fields are limited in very thick films through exchange coupling, and it is difficult to achieve thick magnetic films with high UMA. Magnetoelectric coupling in ferromagnetic/ ferroelectric multiferroic heterostructures could lead to dramatically enhanced and electric field tunable UMA fields in the range of 0∼1000 Oe, which in turn could lead to many novel tunable RF and microwave devices. [15] [16] [17] [18] In our previous work, an alternative method, Composition Gradient Sputtering (CGS), was proposed to prepare high UMA soft magnetic films, which dramatically increases H K up to 547 Oe due to the composition gra-dient induced uniaxial residual stress, and therefore good highfrequency characteristics were obtained. [19] [20] [21] [22] target will have a gradient which increases gradually from inner (I) to outer (O) along the radial orientation (R). [19] [20] [21] Si (100) substrates with the dimension of 20 mm × 75 mm were pasted on the sample turntable ( Fig. 1(a) ) with the length direction of the substrate along the radial direction (R) of the turntable. The Fe 70 Co 30 -B SMFs were deposited by the CGS method at room temperature under 2.8 mTorr Ar atmosphere with a floating rate of 20 sccm, along with a RF power of 80 W for Fe 70 Co 30 target and 135 W for B target. The sample position n in mm was named according to the distance from the outside O point. For example, a sample named as n = 12 5 means it is located at the position 12.5 mm from the O point.
EXPERIMENTAL PROCEDURE
The composition distribution of the films was detected by a field emission electron probe microanalyzer (FE-EPMA). Residual stress of the films was measured by an optical deflectometer. Magnetic properties were measured by a vibrating sample magnetometer (VSM). The high-frequency behaviors of the SMFs were evaluated by use of a vector network analyzer.
RESULTS AND DISCUSSION
Figures 1(b) and (c) showed the distribution of compositions and residual stress along the radial direction. It is obvious that the compositions and stress are almost linear distribution along radial direction. As discussed below, the high-frequency performance was dramatically improved. 
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Microwave Frequency Performance and High Magnetic Anisotropy of Nanocrystalline Fe 70 Co 30 -B Films with hard axis along R direction and easy axis along tan-gent (T ) direction of the sample turntable. Actually, all the asdeposited CGS samples exhibit similar UMA character-istics. These features imply that good high-frequency per-formance will be exhibited in the as-deposited samples.
According to the theory of ferromagnetism, magnetostriction energy is expressed as,
here S is the saturation magnetostriction coefficient and is the stress. Positive and negative signs of stress are taken for tensile and compressive stresses, respectively. is the angle between stress and magnetization. Based on Eq. (2), for a matter with a positive S , the compressive stress results in the arrangement of magnetic moments perpendic-ular to the compressive stress direction, and vice versa. 25 26 Generally, the intrinsic stress is randomly dispersed in the sample, giving rise to a high damping constant . It goes against the enhancement of resonance frequency. How-ever, if the random-dispersed intrinsic stress is replaced by a unique direction stress, i.e., along the radial direction in this paper, which is the variation direction of the doping composition, as a result, a stress-induced UMA will be obtained due to the order arrangement of mag-netic moments. It is in favour of the enhancement of high-frequency FM properties. In this paper, we controlled the stress direction by composition gradient of doping B ele-ment to obtain a uniaxial stress distribution. Consequently, as-deposited nanocrystalline Fe 70 Co 30 -B gradient sputter-ing films exhibited a high uniaxial anisotropy field and fer-romagnetic resonance frequency.
As described in our previous work, [19] [20] [21] the CGS method gives rise to a gradient distribution of doping elements along the radial direction, leading to a similar stress dis-tribution. This residual stress results in a high UMA. Consequently, the SFMs exhibit good high-frequency fer-romagnetic properties due to the stress-induced UMA. The doping elements, on the one hand, control the magnetic properties (e.g., M S and H C of SFMs themselves; on the other hand, induce a residual stress along the direction of doping composition change that dominates the magnetic anisotropy field. To obtain an optimum atomic fraction and concentration gradient of the doping elements is the nec-essary condition to optimize the high-frequency ferromag-netic performance of SFMs.
The magnetic and high-frequency performances of the CGS films were summarized in Figure 3 . As illustrated in Figure  3 (a), the ferromagnetic resonance frequency f FMR of the samples is sensitive to the sample position n due to the sensitivity of H K on n since the f FMR mainly dominates by H K (Eq. (1) and Fig.  2(a) ). With the increase of n from 2.5 to 72.5, the f FMR varies from 3.2 to 6.7 GHz, showing a good high-frequency performance. Figure 3(b) showed the n dependence of f FMR and the real part of the permeabil-ity . Ultrahigh ferromagnetic resonance frequency f FMR in the range of 3.2 to 6.7 GHz, and permeability in the range of 110 to 36 were obtained in the as-deposited samples. Figure  3 (c) demonstrated that the CGS samples exhibits a low damping constant smaller than 0.016, moreover, the middle part (more than 40 mm in length) has a very low damping constant about 0.01. This fact indicates the CGS SMFs are low magnetic loss materials. It is obvious that all the as-deposited samples exhibit good high-frequency char-acteristics with low magnetic loss, which is very suitable for the integration with RF/microwave components.
CONCLUSIONS
The high-frequency ferromagnetic performances of Fe 70 Co 30 -B soft magnetic films were dramatically im-proved by a composition gradient sputtering method. It is revealed that this device gives rise to almost a linear gradient distribution of compositions and residual stress. Ultrahigh ferromagnetic resonance frequency up to 6.7 GHz, very high uniaxial magnetic anisotropy field up to 450 Oe, and low loss with damping constant about 0.01 were obtained. The CGS method could be useful for integrating magnetic films into RF components.
